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Device & setup

• 4-Qubit device (holes in strained Ge QW)

• Single hole in each quantum dot
• Focus on Q1 and Q2; Q3/4 remain in ground state
• Reflectometry on charge sensors S1/2

• AC detuning modulation → qubit rotations

• Bichromatic control – potential application:
2 microwave tones, 𝑓𝑤, 𝑓𝑏, target rotations of
qubit at intersection of the two lines, with 

𝑓𝐿𝑎𝑟𝑚𝑜𝑟 = 𝑓𝑤 ± 𝑓𝑏

• In this paper: 
- Coherent driving of qubits with mixed frequency
signals
- Investigation of resonance anticrossings

(from N. W. Hendrickx et al., Nature 2021)
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Qubit readout

• Latched Pauli spin blockade readout (referring to Hendrickx et al.):
- Pulsing from (1,1) → (0,2)
- Interdot tunneling blocked for antiparallel states (0,1)
- Polarized triplet states allow holes to move to same QD → (0,2)S

- Latching: 

To reservoir

• In this paper:
- Initialization: Adiabatically pulse detuning From (0,2) → (1,1)
- Manipulation: At 𝜖12 = −20 mV (white star)
- Readout: return to (0,2) charge sector and perform readout
Using latched PSB

Arrows: Orientations of 
driving field. Amplified by
factor 5
→ P2 drive is stronger
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Bichromatic EDSR spectroscopy: Overview
Pulse scheme:

• In-plane B-field of 0.675 T
• 𝑓𝑄1 = 1.514 GHz, 𝑓𝑄2 = 2.649 GHz

• Manipulation @ 𝜖12 = −20 mV

• Monochromatic transitions: 
Horizontal/Vertical lines

• Bichromatic transitions: tilted resonance 
lines; framed by colored (+ white) dashed 
line

• Further three-photon excitations are also 
observed

→ Let’s look at each type in detail..



5

Monochromatic qubit transitions
Pulse scheme:

• 𝑓𝑄1 = 1.514 GHz, 𝑓𝑄2 = 2.649 GHz

• Horizontal/vertical transitions at 𝑓𝑄1,2

• Q2_ : Larmor frequency of qubit 2 when 
qubit 1 is in excited state

• Broad vertical excitation at 𝑓𝑃4 ≈ 1.8 GHz:
transmission resonance in lines

→ Can be used to extract exchange 
interaction (conditional EDSR spectroscopy)
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Bichromatic qubit transitions
Pulse scheme:

• Activated via spin-conserving (t) and spin-
flipping (Ω)  tunneling terms which 
hybridize 4 possible spin states with S(2,0)

• Q1P2,P4: 𝑓𝑃4 + 𝑓𝑃2 = 𝑓𝑄1 (not shown, high pass)

• Q2P2,P4: 𝑓𝑃4 + 𝑓𝑃2 = 𝑓𝑄2

• Q1-P2,P4: 𝑓𝑃4 − 𝑓𝑃2 = 𝑓𝑄1

• Q2-P2,P4: 𝑓𝑃4 − 𝑓𝑃2 = 𝑓𝑄2

• And the (Q1 + Q2_) sum term

Sum Diff.
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Full spectrum: include 3-photon excitations
Pulse scheme:

• Resonance between two-photon and 
single-photon driving with qubit Larmor
frequency

• Observed sometimes



8

Investigation of anticrossings (I)
• Follow marked transitions closely (window 

of +- 40 MHz)

• Anticrossing (AC) 3 involves:
-> ↓↓ ↓↑ (bichromatic)
-> ↓↓ ↑↑ (monochromatic)
-> ↓↑ ↑↑ (monochromatic) 

• Strong P2 driving dresses up spin states 
↓↑ and ↑↑ ; in rotating frame eigenstates 

become dressed as 
( ↓↑ ± ↑↑ )

2
and exhibit 

splitting set by Rabi frequency → Autler-
Townes effect (ac Stark shift)

• Resonance frequencies of the weaker 
transitions are shifted by Rabi frequency of 
the stronger transition

mono

bi

mono
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Investigation of anticrossings (II)
• AC3&AC5, AC1&AC4 classified as strong 

anticrossings (theory in supplementary): 
first-order dependence on P2 driving and 
second-order dependence on tunneling 
amplitudes

• AC1 to AC5: on average spin-conserving 
tunneling energy 𝑡 = 18.1 ± 1.9 𝜇𝑒𝑉
and spin-flip tunneling energy Ω =
14.3 ± 2.4 𝜇𝑒𝑉

• Strong driving via P2 induces photon-
dressed spin transition, which is blocked at 
resonance due to Autler-Townes shift
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Coherent Rabi control by bichromatic driving

• Rabi oscillations exceed 1 MHz

• Powers: -5 dBm P2, 3 dBm P4 

d: as c, but 𝑓𝑃2 and 𝑓𝑃4 swapped
Off-resonant points: +4 dBm P2, +2 dBm P4 

in a in e in j
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Changing detuning voltage
• Anticrossing diminishes in size as detuning approaches 𝜖12~ 0

• Bichromatic and monochromatic resonance lines fade, indicating 
reduced efficiency of bichromatic operations as 𝜖12→ 0

• Supports fundamental role of virtual interdot transitions as 
underlying driving mechanism

Bichromatic spectroscopy at 0 detuning: 
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Summary

• Demonstration of bichromatic control approach, mapping of different 
transitions & investigation of anticrossing strengths

• Dependence on detuning highlights importance of interdot motion in obtaining 
bichromatic&monochromatic driving

• Outlook: Optimize bichromatic driving by tuning parametrs such as interdot
coupling
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Attenuation
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Model Hamiltonian
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Parameters of static Hamiltonian
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Floquet theory description
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Various tables ☺
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More about (anti)crossings
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More about (anti)crossings (II)
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More about (anti)crossings (III)
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